Binary Sn-Ag solders with varying amounts of Ag ͑0.5, 2.0, and 3.5 wt %͒ were reacted with Cu under bump metallurgy ͑UBM͒ which was electroplated with bis-sodium sulfopropyl-disulfide additive, and the characteristics of Kirkendall void formation at the solder joints were investigated. The results indicate that the propensity to form Kirkendall voids at the solder joint decreased with the Ag content. Subsequent Auger electron spectroscopy analyses showed that Ag dissolved in the Cu UBM reduced the segregation of S to the Cu 3 Sn/ Cu interface, which suppressed the nucleation of Kirkendall voids at the interface.
I. INTRODUCTION
Kirkendall void formation at the solder joints is a serious reliability concern in the microelectronics industry, and many experimental works have used Pb-free solder alloys.
1-6 Recently, using Sn-3.5Ag/Cu solder joints, Yu and co-workers [6] [7] [8] showed that residual S, coming from bissodium sulfopropyl-disulfide ͑SPS, C 6 H 12 O 6 S 4 Na 2 ͒ additive to the Cu electroplating solution, was segregated to the Cu 3 Sn/ Cu interface and accelerated the nucleation of voids, 6 and those nucleated voids grew due to the tensile stress arising from the Kirkendall effect. 7 In our previous work, Sn-3.5Ag-0.5X ͑X = Zn, Mn, Cr͒ solders were reacted with Cu to suppress Kirkendall void formation at the Cu 3 Sn/ Cu interface. We explained that the interfacial segregation of S could be reduced by adding sulphide forming elements to the solder, which suppressed Kirkendall void nucleation and improved the drop impact resistance. However, Ag is also known as the sulphide forming element and the effect of Ag on Kirkendall void formation is still unknown. 8 This is a continuation of the work on the effects of sulphide forming element on the Kirkendall void formation. Here Sn-Ag binary alloys with varying amounts of Ag reflowed over the Cu under bump metallurgy ͑UBM͒ which was electroplated using SPS in the bath ͑3.0ϫ 10 −5 M͒, and characteristics of Kirkendall void formation and S segregation to the Cu 3 Sn/ Cu interface were analyzed.
II. EXPERIMENTAL PROCEDURE
Binary Sn-xAg ͑where x = 0.5, 2.0, and 3.5 wt %͒ solders with varying amounts of Ag denoted as 0.5Ag, 2.0Ag, and 3.5Ag specimens, respectively, were prepared by mixing and melting high purity ͑99.99%͒ metal powders in a quartz tube under a 10 −3 torr vacuum. Two high purity ͑99.99%͒ Cu blocks ͑8 ϫ 2 ϫ 2 mm 3 ͒ were polished, ultrasonically cleaned, and subsequently jointed using solders as shown in Fig. 1 . One of the Cu blocks had an electroplated Cu film ͑20 m͒ on the joining side, and the electroplating was conducted in a Cu bath containing 3.0ϫ 10 −5 M of SPS. Joining them was performed by immersion of the two blocks in the liquid solder bath ͑260°C͒ for 5 min. Then, the joined Cu blocks were taken out of the solder bath, air cooled, and subsequently aged at 150°C. Intermetallic compounds ͑IMCs͒ at the solder joint were analyzed using backscattered scanning electron microscopy ͑SEM͒, and chemical compositions of the Cu 3 Sn/ Cu interface were investigated using Auger electron spectroscopy ͑AES͒. Here, the same specimen was used for SEM and AES, which eliminated unnecessary errors coming from different solder joint structures. Details of AES analysis were provided in the previous report.
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III. RESULTS
A. Interface microstructures
0.5 Ag joint
Cross-sectional SEM images of as-reflowed and aged Sn-0.5Ag/Cu solder joints are presented in Fig. 2 that Kirkendall voids did not form at the solder joint in the as-reflowed condition. However, after 72 h at 150°C, most of the Cu/ Cu 3 Sn interface ͑ϳ80%͒ appeared to be covered with Kirkendall voids, and the interfacial line fraction of voids increased further under extended aging times.
2.0 Ag joint
The characteristics of IMC formation were pretty much the same as those of the 0.5Ag specimen except that Kirkendall voids were significantly suppressed as shown in Figs. 3͑b͒ and 3͑c͒.
3.5 Ag joint
The nucleation of Kirkendall voids at the Cu 3 Sn/ Cu interface proceeded at almost the same rate as that of the 2.0Ag specimen, and the Cu 3 Sn/ Cu interface appeared almost saturated with Kirkendall voids after 120 h at 150°C ͑Fig. 4͒.
Variations in IMC thickness ͑␦͒ with the aging time are presented in Fig. 5 , and it can be seen that there were only slight differences in ␦ among the three specimens, suggesting that Cu 3 Sn and Cu 6 Sn 5 thickening was not greatly affected by the Ag content of the solders. In general, total IMC thickness, ␦ Cu 6 Sn 5 + ␦ Cu 3 Sn , tended to decrease slightly with the Ag content in the solder but the effect was marginal.
B. Characteristics of Kirkendall void formation
As Kirkendall voids nucleated and grew at the Cu 3 Sn/ Cu interface, the area fraction of the interface covered with Kirkendall voids ͑f͒ increased. In general, the interface cannot be made open, and the voided fraction of the interface is measured from the SEM micrographs of polished specimens and the line fraction of voids on the Cu 3 Sn/ Cu ͑L͒ is measured. Here, data on the area fraction were also measured from SEM micrographs of the same specimens after AES. Figures 6͑a͒ and 6͑b͒ show the variations in the line ͑L͒ and area fraction ͑f͒ of the Cu 3 Sn/ Cu interface covered with voids. It can be seen that Ag in the solder suppressed the Kirkendall void formation. Since Ag is a sulphide forming element ͑⌬G f 0 = −72.5 J / mol for AgS͒, Ag atoms dissolved in the Cu UBM acted as a S scavenger and reduced the interfacial segregation of S. The propensity increased with the Ag content dissolved in the solder and in the Cu UBM. Thermodynamically, the amount of Ag dissolved in the Cu solid solution increased with the Ag content in the solder up to the solubility limit of Ag in Cu ͑X Ag B ͒. 
C. AES analyses
0.5Ag specimen
Typical Auger spectra and SEM micrographs out of fractured 0.5Ag specimens which were aged for 48 and 120 h are presented in Figs. 7͑a͒-7͑d͒. Auger data were collected only from the void surfaces and those from cleaved IMC surfaces were neglected. Several points are noteworthy: ͑1͒ the amount of S segregation on the Cu 3 Sn/ Cu interface ͑X S ͒ increased with the aging time but segregation of Ag ͑kinetic energy= 359 eV͒ was not detected; ͑2͒ area fraction of voids on the interface ͑f͒ increased in the same manner; ͑3͒ and there was an inverse correlation between the amounts of S ͑X S ͒ and Sn ͑X Sn ͒ on the voided interface. Here, the superscript denotes the interface phase. From our previous work, [6] [7] [8] it was shown that residual S originating from the SPS additive segregated to the Cu 3 Sn/ Cu interface in a manner suggested by the McLean's isotherm 9 and that the kinetics of S segregation can be analyzed accordingly. [9] [10] [11] [12] The inverse correlation between X S and X Sn , which could be found in Figs. 7͑a͒ and 7͑c͒ , was the result of the site competition reported elsewhere. 7, 8 The void fraction of the Cu 3 Sn/ Cu interface is a combined result of several kinetic processes that occur simultaneously, i.e., continuous nucleation of voids, void growth by the local tensile stress evolving from the Kirkendall effect, and kinetics of S segregation to the Cu 3 Sn/ Cu interface.
3.5Ag specimen
In Fig. 8 , typical AES spectra and SEM micrographs out of the fractured Sn-3.5Ag specimens are presented and it can FIG. 4 . SEM micrographs of Sn-3.5Ag/Cu joints, which were ͑a͒ asreflowed and aged for ͑b͒ 72 and ͑c͒ 120 h at 150°C. 
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be seen that S segregation was not observed up to 48 h with few Kirkendall voids on the fracture surface. The large Sn peak in the Auger spectra of Fig. 8͑a͒ originated from the cleaved Cu-Sn IMC, presumably Cu 6 Sn 5 , at the solder joint, and not from the segregated Sn atoms at the Cu 3 Sn/ Cu interface. With further aging ͑120 h͒, more S atoms segregated to the interface, which increased the nucleation rate of the Kirkendall voids and the void fraction of the interface.
Effects of Ag on the S segregation
Auger peak height ratios ͑PHRs͒ of S ͑S 153 peak against Cu 922 peak͒ are presented as functions of the aging time in Fig. 9 , and it can be seen that the S segregation to the Cu 3 Sn/ Cu interface was suppressed by Ag in the solder. Being a sulphide forming element, Ag dissolved in Cu reduced the solid solubility of S in the Cu UBM ͑X S B ͒. According to Guttmann, 10,13 X S B in the Cu-Ag-S ternary solution is given by, 10, 13 
Here ͑X S B ͒ binary is the solubility of S in the binary Cu-S system, ⌬G 0 is the standard free energy of metal sulfide ͑MS͒ type sulphide formation, and X Ag B is the amount of Ag dissolved in the ternary solution. It can be seen that X S B decreased with the Ag content dissolved in the Cu UBM, which is qualitatively consistent with our results. The amount of X S B , which was reduced by Ag, can be better understood from the kinetics study by Yen et al., 12 where the concentration of S on the surface is related to that in the bulk by
at the initial stage of the surface segregation. Here X S , X S B , D B S , t, t 0 , and d refer to the atomic fraction of S atoms in the surface layer and the bulk, lattice diffusivity of S atoms in the Cu film, aging time, the starting time for the ideal segregation kinetics, and the thickness of the monatomic layer, respectively. An application of Eq. ͑2͒ to the Auger data of Fig. 9 shows that the solid solubility of S in the Cu UBM was reduced by a factor of 2 Ϯ 0.5 in the 2.0Ag and 3.5Ag solder joints compared to that in the 0.5Ag joint.
D. Accuracy of measuring the void fraction "L… using polished specimens
In this type of analysis, it is critical to measure the void fraction on the interface accurately. Measuring the line frac- FIG. 7 . ͓͑a͒ and ͑b͔͒ An AES spectra out of Kirkendall voids and a corresponding SEM micrograph of fractured 0.5Ag specimens that were aged for 48 h and ͑c͒ and ͑d͒ for 120 h at 150°C.
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tion of voids ͑L͒ from the cross-sectional SEM micrographs is more convenient than measuring the area fraction of voids ͑f͒ from the SEM micrographs of fractured surface. The two parameters are related by
In Fig. 6 , the two parameters measured from the same solder joints were presented as functions of the aging time and it can be seen that measuring the void fraction of the interface from the cross-sectional SEM micrographs could be misleading, presumably due to experimental errors introduced during the preparation of SEM samples. For example, the L data of the three specimens aged for 120 h were significantly close significant to each other in the range of 90%-100%, which the f data from specimens showed quite different f values.
Up to now, the effects of the Ag content in the Sn-xAg solder were analyzed from the perspective of S scavenging and suppression of Kirkendall voids at the Cu 3 Sn/ Cu interface. In classical temper embrittlement problems, the scavenging of embrittling elements generally suppressed the interfacial segregation of such impurity elements and enhanced notch sensitive mechanical properties such as fracture toughness or Charpy V notch energy which is the amount of energy absorbed by a material during fracture. Ceteris paribus, the suppression of Kirkendall void formation by Ag in the solder would improve the drop impact resistance which is also a notch sensitive property. However, there have been many works on reducing Ag contents in Sn-Ag solders be- 
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cause of the high cost of Ag. Not only that, when there is no Kirkendall void formation, Ag is known to deteriorate the fracture toughness of Sn-xAg/Cu solder joints. [14] [15] [16] [17] [18] [19] According to Hayes et al., 14 the fracture toughness values for Sn-0.7Cu were approximately 16% greater than those found with Sn-4.0Ag-0.5Cu due to the occasional presence of the Ag 3 Sn found at the interface for the samples with the Ag alloyed solder. Furthermore, reducing silver content in SnAg-Cu alloys, especially for silver content less than 3 wt %, was beneficial in minimizing the formation of large Ag 3 Sn plates. 17, 18 In that context, the beneficial effect of Ag on the Kirkendall void formation is expected to have mitigated the effect on the drop impact resistance, when SPS was used in the Cu electroplating process. The optimum amount of Ag in the Sn-xAg solder to give the best impact property of the solder joints when SPS is used remains to be seen.
IV. CONCLUSION
Reducing the Ag content of Sn-xAg solders significantly enhanced the susceptibility of the Sn-xAg/Cu solder joints to Kirkendall void formation. A fraction of the Cu 3 Sn/ Cu interface occupied by Kirkendall voids was remarkably smaller for the 3.5Ag specimen compared to the 0.5Ag specimen. Auger analyses revealed that segregation of S atoms to the Cu 3 Sn/ Cu interface was suppressed by Ag and that the solid solubility of S in the Cu UBM of the 2.0Ag and 3.5Ag specimens was smaller than that of 0.5Ag specimen by a factor of 2 Ϯ 0.5. Though too much Ag could have deleterious effects on Sn-Ag/Cu solder joints due to Ag 3 Sn precipitation, which is inherently brittle, the effects of the addition of Ag on suppressing the formation of Kirkendall voids would affect the drop impact resistance of solder joints using SPS additive. 
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